ABSTRACT. Understanding how microbial community composition and diversity respond to continuous cropping obstacle is not well understood. However, determining the community composition vs assessing the diversity of molecular operational taxonomic units is often difficult. In this study, we focused on the microbial diversity and niche differentiation in rhizosphere soils between healthy and diseased cotton using a molecular approach based on a culture-independent method. A total of 124 operational taxonomic units (OTUs) from 1076 DNA fragments were detected, including 46, 57, and 21 OTUs from fungi, bacteria, and actinomycetes, respectively. The identified OTUs were confirmed by sequencing after polymerase chain reaction-restriction 1603 Microflora of healthy/diseased cotton rhizosphere soil ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (1): 1602-1611 (2015) fragment length polymorphism analysis. The number of OTUs from Fusarium species in diseased rhizosphere soils was higher than that in healthy rhizosphere, which was consistent with field observations. Overall, the results showed that microbes in healthy rhizosphere soils were more diverse and occupied a wider niche in the healthy rhizosphere soil environment of the cotton field. Beneficial microbes should further be analyzed in studies examining the soil ecology of fields in which continuous cropping of cotton takes place.
INTRODUCTION
Cotton is a pillar industry for the economic development of southern Xinjiang, China. However, limitations to production arise as continuous cropping years increase, such as maladjusted soil nutrients, imbalance of soil ecology, serious pests and diseases, and decrease in cotton yield and quality. The soil microbial community in cotton changes continuously with the fast expansion of planting areas and with repeated tillage, which is useful for modeling nutrient and energy cycling (Stockdale and Brookes, 2006) . Previous studies on continuous cropping limitations in China have primarily focused on greenhouse vegetables (Hu et al., 2007) , soybean (Li et al., 2006) , and Chinese herbal medicine (Zhang et al., 2005) , whereas few studies have been conducted to examine cotton (Zhang et al., 2011) .
The rhizosphere encompasses a few millimeters of soil surrounding the plant root, an area where multifaceted ecological and biological processes take place (Kennedy, 1998) . The rhizosphere has long been considered to be the natural reservoir for microorganisms. A large array of microbes can inhabit the rhizosphere, and it is widely accepted that members from all microbial groups perform important functions in the rhizosphere (Giri et al., 2005) . Because of the secluded nature of the rhizosphere, it has not been thoroughly examined. However, there have been significant discoveries, particularly regarding the biological control of root pathogens (Whipps, 2001 ) and phytoremediation (Pilon-Smits, 2005) . Costa et al. (2006) found that the microbial community varies in composition in rhizosphere and nonrhizosphere soil, as well as in different plants. The composition and species soil microbes were more simple in the rhizosphere compared to the nonrhizosphere, primarily because of the selectivity of roots (Costa et al., 2006 ). An increased understanding of rhizosphere microorganism ecology will not only facilitate the development of successful microbial control strategies against soilborne disease, but also contribute to the knowledge of subterranean microbial ecology.
Previously, microbial analysis in environmental samples depended on traditional culture methods. However, only 0.1-1% microbe can be recovered using these techniques (Amann et al., 1995) . Molecular techniques, particularly polymerase chain reaction (PCR) (Mullis et al., 1994) , have revolutionized microbiology studies, including the study of soil microbiology. Molecular techniques enable the differentiation of microbial species and varieties. Metagenomics allows the direct study of communities of microbial organisms in their natural environments, bypassing the need for isolation and lab cultivation of individual species (DeLong, 2002) . This has enabled the study of uncultivable microorganisms by genome sequencing; furthermore, it provides system-level insights into the composition, structure, and functioning of microbial communities from various environments (Warnecke et al., 2007) .
Culture-independent methodologies such as environmental metagenomics are applied for studying communities of microbial organisms in situ, bypassing the need for isolation and lab cultivation of individual species (DeLong, 2002) . Culture-independent retrieval of 16S rRNA genes was pioneered by Olsen et al. (1986) 2 decades ago. Since then, the cultureindependent molecular techniques have been used to study bacterial communities (Huang et al., 2006) . Moreover, metagenomics has revolutionized microbiology as approximately 99% of microbial species cannot be cultivated (Hugenholtz, 2002) .
Advances in most DNA-based analysis techniques allow samples to be simultaneously screened for a large number of microbes. Fingerprinting analysis of microbial communities can be carried out using denaturing gradient gel electrophoresis (Kowalchuk et al., 1997) , temperature gradient gel electrophoresis (Fouratt et al., 2003) , terminal-restriction fragment length polymorphism (RFLP) (Mintie et al., 2003) , and single-strand conformation polymorphism (Bäckman et al., 2003) . Molecular (i.e., culture-independent) methods, particularly those based on the 16S rRNA gene, are very important in modern microbial ecology (Tringe and Hugenholtz, 2008) .
Functional genes are frequently used in RFLP analysis for identifying specific microbial groups in complex environments, which can be affected by a number of underlying factors (Sipos et al., 2007) . Zhang et al. (2011) detected bacterial communities in rhizosphere soils of healthy and diseased cotton responsive to terminal RFLP and 16S rDNA clone libraries. The highest richness of soil samples from the rhizosphere between healthy and diseased differed at various plant growth stages. Acidobacteria and Proteobacteria were found to be the most prevalent phyla in the cotton rhizosphere (Zhang et al., 2011) .
In this study, we examined whether an association exists between healthy and diseased cotton and species of microbes using RFLP and sequencing methods to determine the composition and diversity of naturally occurring microbes in the rhizosphere of cotton grown in the oasis farmland of southern Xinjiang. The results were compared to the ecological niche of rhizosphere microbes using cultivation-dependent methods, enabling highly reliable and rapid detection and quantification of microbes associated with healthy and diseased cotton. Our results will facilitate environmental surveys of targeted microbes and the identification of environmental factors influencing their distribution.
MATERIAL AND METHODS

Study area and sampling procedure
This study was conducted at the Regimental Farm No. 3, Agricultural Division No. 1, at the Xinjiang Production and Construction Corps, China. The study area is the main cottonproducing region near 40.375° N and 80.136° S latitude that had been continuously cropped for 15 years and belonging to the typical desert oasis with typical continental and arid climate (Zheng and Yu, 1996) . The plant variety examined was hybrid cotton Xinluzhong 41. Based on the symptoms of Fusarium wilt in cotton, diseased and healthy cotton plants were selected. Soil samples were collected from rhizosphere soils of cotton during the boll-opening period. After surface soil (approximately 1-2 cm) was removed, soil attached to the roots was used as the rhizosphere soil samples. All samples were preserved at 4°C until isolation of soil fungi.
Extraction of soil DNA
DNA extraction from rhizosphere soil samples was performed using the method of Zhou et al. (1996) , with some modifications. A 0.5 g soil sample was mixed with 1.3 mL DNA extraction buffer (100 mM Tris-HCl, pH 8.0, 100 mM sodium EDTA, pH 8.0, 100 mM sodium phosphate, pH 8.0, 1.5 M NaCl, and 1% cetrimonium bromide). After vortexing, the mixture was placed in liquid nitrogen for 5 min, followed by incubation at 65°C to melt the sample. This process was repeated 3 times. Next, 100 µL 10 mg/mL proteinase K was added and the tubes were then shaken horizontally at 250 rpm for 30 min at 37°C. After shaking, 200 µL 20% sodium dodecyl sulfate was added, and the tubes were incubated in a water bath at 65°C for 2 h with gentle end-over-end inversions every 15-20 min. After cooling to room temperature, the tubes were centrifuged at 6000 rpm for 10 min at room temperature and the supernatants were transferred to clean 2-mL centrifuge tubes. The soil pellets were extracted by adding 750 µL extraction buffer and 50 µL 20% sodium dodecyl sulfate; the samples were vortexed for 10 s, incubated at 65°C for 10 min, and centrifuged as described above. The lysates from the 2 extraction cycles was combined and mixed with 0.5-fold volume of polyethylene glycol 8000 (50% w/v, 1.5 M NaCl). The tubes were homogenized mixing and incubated overnight. The tubes were centrifuged at 6000 rpm for 10 min at room temperature and the supernatants were discarded. The pellet was dissolved in 500 µL 1X TE buffer (10 mM Tris-HCl, 1 mM EDTA) and added an equal time volume of phenol-chloroform-isoamyl alcohol (25:24:1). The tubes were centrifuged at 12,000 rpm for 10 min at room temperature and the supernatant was extracted using an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1). The aqueous phase was precipitated with 0.6 times the volume of isopropanol and 0.1 times the volume of isopropanol at -20°C overnight. The nucleic acid pellet was centrifuged at 12,000 rpm for 10 min at room temperature. The crude extracts were washed with 70% cold ethanol, resuspended in 50 µL ultrapure water (shown in Figure 1A) , and stored at -20°C. DNA was purified using the Agarose Gel DNA Purification Kit Ver. 2.0 (Takara, Shiga, Japan) according to manufacturer instructions.
PCR amplification, cloning, and enzyme digestion
Primers were synthesized by Biosune (Shanghai, China). Primers used for PCR were ITS4 (5ꞌ-TCCTCCGCTTATTGATATGC-3ꞌ) and ITS5 (5ꞌ-GGAAGTAAAAGTCGTAACAAGG-3ꞌ) for fungi (White et al., 1990) . Amplification conditions were as follows: 2 min at 94°C, followed by 35 cycles for 30 s at 94°C, 30 s at 52°C, 1 min at 72°C, and a final step for 10 min at 72°C.
Primers used for PCR were F243 (5ꞌ-GGATGAGCCCGCGGCCTA-3ꞌ) and R1378 (5ꞌ-CGGTGTGTACAAGGCCCGGGAACG-3ꞌ) for bacteria (Heuer et al., 1997 ) (shown in Figure 1B ). Thermal cycling was initiated at 94°C for 3 min, followed by 35 cycles for 1 min at 94°C, 1 min at 55°C, 1 min at 72°C, and a final step for 7 min at 72°C.
Primers used for PCR were S20 (5ꞌ-CGCGGCCTATCAGCTTGTTG-3ꞌ) and A19 (5ꞌ-CCGTACTCCCCAGGCGGGG-3ꞌ) for actinomycetes (Stach et al., 2003) (shown in Figure 1C) . Amplification conditions were as follows: 4 min at 94°C followed by 35 cycles for 45 s at 94°C, 1 min at 68°C, 1 min at 72°C, and a final step for 8 min at 72°C.
PCRs for the 3 genes were prepared in 25 µL solution containing 1X PCR buffer, 2 mM MgSO 4 , 0.2 mM dNTPs, 0.2 µM of each forward and reverse primers, 1 U Taq DNA polymerase (Dream TaTM , Fermentas Life Science, Vilnius, Lithuania), and 5-10 ng template DNA.
DNA purification and PCR for RFLP
PCR amplicons were separated on a 2.5% agarose gel and stained with ethidium bromide. The prominent bands were excised from the gel and DNA was eluted using the SanPrep Column DNA Gel Extraction Kit (Sangon, Shanghai, China). Amplicons were cloned into the pMD18-T vector using a PCR Cloning Kit (Takara) according to manufacturer instruction. After transformation of the recombinant vectors into Escherichia coli strain DH5α, transformants were screened by blue-white selection on LB agar plates containing 100 µg/mL ampicillin. White colonies were then transferred to fresh plates and incubated overnight. Screening was performed by PCR with the M13F (5ꞌ-CAGGAAACAGCTATGAC-3ꞌ) and M13R (5ꞌ-GTAAAACGACGGCCAGT-3ꞌ) primers. Clones with inserts were identified based on amplicon size. All of the above protocols in this study were described by Sambrook et al. (2001) .
In experiments involving large numbers of clones with inserts of similar lengths, the colonies were screened for diversity by PCR-RFLP as described previously (Brežná et al., 2010) . HaeIII was selected as the optimal enzyme for fungi, bacteria, and actinomycetes. Isolates for which identical RFLP patterns were considered to belong to the same RFLP group were selected for sequencing. Nucleotide sequencing of PCR products was performed by 
Data analysis
The values of estimated sample coverage (C), estimated sample coverage for rare species (C_rare), and estimated CV for rare species (CV_rare) for each of the clone libraries were calculated using the Species Prediction and Diversity Estimation software (Chao and Shen, 2008) .
The value of Shannon index (H S ), species evenness (E), Simpson index (D), niche breadth (M), niche overlap index (H), and Jaccard (1901) dissimilarity coefficient (J) were analyzed using SPSS version 15.0 (SPSS Inc., Chicago, IL, USA) with guidance (Pallant, 2007) . Nucleotide sequences for the isolates were searched for their similarity index using the BLAST software (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Nucleotide sequence accession numbers
Internal transcribed spacer rRNA gene sequence data for uncultured fungi were deposited in the GenBank database under accession Nos. KC191742, KC191744-KC191748, KC191750-KC191753, and KC191760-KC191762; 16S rRNA gene sequence data for uncultured bacteria were KC191741, KC191755, and KC191764-KC191774. The 16S rRNA gene sequence data for uncultured actinomycetes were KC191784-KC191785, KC191788, and KC191791-KC191792.
RESULTS
Construction of clone libraries
PCR amplification resulted in single products of approximately 600, 1500, and 1260 bp for fungal, bacterial (data not shown), and actinomycetic clones ( Figure 1D) . Moreover, the combination rates from clone fungi, bacteria, and actinomycetes were 74.08, 73.04, and 66.14%, respectively (Figure 2) . 
Comparison of microorganism composition
A total of 124 operational taxonomic units (OTUs) from 1076 DNA fragments were screened, including 46, 57, and 21 OTUs for fungi ( Figure 3A) , bacteria ( Figure 3B) , and actinomycetes (shown in Figure 3C ), respectively. The percentages of overlapping OTUs from rhizosphere soil samples between healthy and diseased were 67.39% (31/46), 28.07% (16/57), and 28.57% (6/21) for fungi, bacteria, and actinomycetes. Microbial diversity values, including H S , E, and D in the rhizosphere soil of healthy cotton, were higher than in diseased plants. Furthermore, the niche breadths in healthy plants were higher than in diseased rhizosphere, and the niche overlap index and J discrepancy coefficient were low (0.5427-0.6729) ( OUT was delineated at 80% phenotypic similarity level.
Estimates of biodiversity indices based on RFLP data were assessed using the Species Prediction and Diversity Estimation software. Coverage estimates for these libraries were very high (99.7-98.0%, Good's C), indicating that library size effectively reflects microbial diversity. The estimated sample coverage for rare species showed the same trend (90.9-98.9%). Estimated CV_rare = 0.674 in actinomycete clones signified moderate heterogeneity in species detection probabilities, but low heterogeneity in fungal clones (CV_rare = 0.275). ACE predicted 33.3, 41.7, and 17.4 OTUs for fungi, bacteria, and actinomycete libraries, respectively, while Chao1 predicted 33.2, 42.0, and 17.3, respectively ( 
DISCUSSION
Direct evaluation of microbial diversity in the rhizosphere soils of plants will help to overcome limitations to continuous cropping (van Elsas et al., 2002) . According to ecological principles, the relationships between ecosystem functioning and biodiversity can be demonstrated by the insurance hypothesis (Yachi and Loreau, 1999) . The principle of the insurance hypothesis suggests that high diversity can safeguard communities from unstable environmental conditions by increasing the range of conditions in which the community as a whole can thrive (Yachi and Loreau, 1999) , as well as benefits long-term attainment of the community (Boles et al., 2004) .
In this study, we found that in both healthy and diseased cotton, considerable differences in diversity were observed, which could indicate microbial communities to be sampled for characterization. Using culture-independent molecular methods, we found that microbial diversity and evenness in rhizosphere soil of healthy cotton was higher than that of diseased plants. In fungal communities, Fusarium (OTU2 in Figure 2A , accession No. KC191744) clones in the healthy and diseased rhizosphere soil accounted for 13.23 and 5.58%, respectively. Combined with the results of Zhang (2012) , Fusarium species appeared to be the main pathogens of cotton in our study area. Similar results for bacterial communities were described by Zhang et al. (2011) . For the actinomycetes, the number of OTUs in healthy rhizosphere soil was higher than that in the diseased, demonstrating there may be more species in the former. This may be because high species diversity is beneficial for protecting the ecological balance, although only 2 typical samples from 15 years of cotton continuous cropping were collected in this experiment.
Furthermore, the theory of niche has become the central idea in explaining natural communities. Several parameters define a niche, including niche metrics (Hanski, 1978) , breadth (Levins, 1968) , overlap (May and MacArthur, 1972) , and dimensions (Harpole and Tilman, 2007) . The theory of niche breadth can be used to explain the potential of acclimatization of species and populations (Levins, 1968) , while niche overlap explains the concomitant or similarity (May and MacArthur, 1972) . In our experiments, soil microbes, including fungi, bacteria, and actinomycetes, in healthy rhizosphere soil had wider niche breadth than that in diseased cotton, suggesting that microbial communities in healthy rhizosphere soils have strong adaptability to the environment. Furthermore, small niche overlap was observed between the different microbial communities belonging to the healthy and diseased rhizosphere soils, respectively.
Rhizosphere soils in the healthy cotton appear to be significant reservoirs of microbial biodiversity. The high diversity and the niche breadth of this healthy habitat make it intriguing to study microbial communities in continuous cropping ecosystems, which harbor a greater diversity of potential niches than diseased habitats. Although our efforts were only in the composition and diversity of microbial communities in rhizosphere soils between healthy and diseased cotton, further studies are needed to better understand the interactions among various microbes and how they influence beneficial microorganisms.
